Abstract--Ion-exchange isotherms between hydrotalcite-like compounds (HT) of the NO3-, CI-, and SO4-forms and F , 0% Br , I , OH-, SO42-, CO3 z-, and Naphthol Yellow S (NYS 2-) ions were determined, and the spacing and the width of the 003 reflection were measured as a function of HT composition. The ion-exchange equilibrium constant for HTs of monovalent anions are in the sequence OH-> F > Cl > Br-> NO3-> I , those for divalent anions are in the sequence CO3 ~-> NYS z-> SO42-. The ion-exchange equilibrium constants tend to increase as the diameters of the anions decrease, and the crystallite size in the 001 direction tends to increase with anions having higher selectivity. The OH-form of HT has the smallest basal spacing and the largest crystallite size in the 001 direction.
INTRODUCTION
Hydrotalcite-like compounds (HT) can be represented by the following formula: [Mgl_xAI• x+ [Ax/n n-. mH20] x-, wherein 0 < x < 0.33, and A n-is an exchangeable anion having a valence of n. These compounds are similar to the mineral hydrotalcite, MgnAIz(OH)16CO3"4H20 (Miyata and Kumura, 1973; Taylor, 1973; Miyata, 1975) . HT consists of positively charged brucite-like layers [Mg, xAI~(OH)2] ~+ alternating with disordered, negatively charged interlayers [A• mHzO] • 9 Mg and AI are randomly distributed among the octahedral positions, and the OH layer sequence is -BC-CA-AB-BC- (Allmann, 1968) .
HT is stable to 400~ but transforms into a MgO-AI203 solid solution (Mg,-3x/zAlxO) by heating to 500~176 This solid solution rehydrates and combines anions to form HT in the presence of water and anion (Miyata and Okada, 1977; Miyata, 1980) . Consequently, both HT and heat-treated HT are capable of capturing anions and are therefore useful as halogen scavengers for polyolefines produced by Ziegler catalyst or Fridel-Craft catalyst and thermal stabilizers for polyvinylchloride etc. Kuroda, 1981a, 1981b) . Accordingly, the ion-exchange properties of hydrotalcite-like compounds are important. The present article of hydrotalcite reports the synthesis of the NO3-, CI-, and SO4-forms and the ion-exchange isotherms and ion selectivity for these compounds and F-, CI-, Br-, I% OH , SO42-, CO3 z-, and Naphthol Yellow S 2-anions.
EXPERIMENTAL
Hydrotalcite-like compounds corresponding to the above mentioned formula in which x is about 0.3 and A"-is NO3 , CI-, or SO42-were prepared by the methCopyright 9 1983, The Clay Minerals Society od described by Miyata (1975) and . At x = about 0.3, the ion-exchange capacity of the products was high, and by-products did not form. A small amount of CO~ 2-was incorporated into the products, but because the CO32-is highly selected by these compounds as compared with other anions, the ion-exchange reaction of CO32-was ignored.
Determination of ion-exchange isotherm
An amount of each HT calculated to give an ion-exchange capacity of 2 to 5 meq was placed in a flask with a ground glass stopper and an appropriate amount of a 0.1 N aqueous solution of each the aforementioned anions was added. The flask was placed in a constant temperature vessel (25~ and shaken overnight. The contents of the flask were then filtered and the anion concentration in the filtrate determined. The anion solutions used were prepared by using NaF, NaBr, KI, NaOH, Na2CO3, Na2SO4, and Naphthol Yellow S (analytical grade made by Wako Pure Chemical Co., Ltd., chemical formula C,0H4NzNazOsS" 3H20).
The individual anions were quantitatively determined by the following method: OH , by titration with 0.1 N HCI; F-by titration with 0.1 N thorium nitrate using Alizarin Red S as an indicator in accordance with the method of Japan Standard Association (1965a); CI-, Br-, and I-, by the Volhard method (Nippon Bunseki Kagakukai, 1961) ; CO32-by the method of Japan Standard Association (1965b); NO3 , by reducing NO3-of the sample with a mixture of NaOH solution and Debalda alloy to form NH3 and backtitrating excess sulfuric acid having NH3 absorbed in it with aqueous NaOH; SO42-, by the gravimetric analysis of barium sulfate; and Naphthol Yellow S, photometrically by measuring the absorbance at 430 nm using a Hitachi Model 101 Spectrophotometer. X-ray powder diffraction (XRD) analyses were carried out using Ni-filtered CuKa radiation with a Philips X-ray diffractometer after drying the products at 60~ for 20 hr.
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RESULTS AND DISCUSSION
Three different HT exchangers (HT-NO3, HT-C1, HT-SO4) were prepared. Their chemical compositions are listed in Table 1 .
Prior to measuring ion-exchange isotherms the stability of HT-NO3 in NaF and NaOH solutions was determined by examining the molar ratio of Mg to AI in the HT-NO3 using the lattice parameter a (Miyata, 1980) before and after contact with the solution. The molar ratio of Mg to A1 in HT-NO3 did not change, and AI was virtually undetectable in the solution. Accordingly, AI in HT does not react with F-or OH-anions.
Ion-exchange isotherms at 25~ in a total ion concentration of 0.1 N of HT-NO3-OH-, HT-NO3-F-, HT- Table 2 . These data show that the ion selectivities of monovalent anions are in the order of OH-> F-> CI-> Br-> NO3-> 1-, and that divalent anions have higher ion selectivities than monovalent anions. Of the monovalent anions tested, OH-and F-have particularly high ion selectivities, and CO3 z is the most selective of the divalent anions. Figures 10 and 11 show the basal spacing, d(003), and the width of the 003 reflection, B(003), as a function of the mole fraction of anion A in the HT. The basal spacing decreases almost continuously below that of HT-NOs (d(003) = 8.79 ~,). In the HT-CI-NYS 2-system, however, two basal spacings corresponding to the HT-CI and HT-NYS were observed at HTNvs mole fractions of 0.4 to 0.75. When the mole fraction of HTNvs is less than about 0.6, the diffraction intensity of the 003 reflection corresponding to HT-CI is stronger than that corresponding to HT-Naphthol Yellow S, and conversely, the former is weaker than the latter when the mole fraction of HTNys is more than about 0.7. Thus, where no great difference in radius exists between two anions in question, the XRD patterns of the 003 reflection of the two HTs corresponding to the two anions overlap and are seen as one diffraction pattern; however, where the difference in radius between two anions is relatively large, as in the HT-NO3-OH-, HT-NO3-F-, HT-NO3-CO32 systems, the XRD pattern of the 006 reflection is split into two. This split of the 006 reflection is 4.44 A and 4.00 .~ for the HT-NO3-OHsystem, 4.44 ~ and 4.07 ~ for the HT-NOs-F-system, and 4.44 ,~ and 4.04 ~ for the HT-NO3-COz z-system. In each split, the former corresponds to HT-NOz and the latter corresponds to HT-OH, HT-F, HT-CO3, respectively.
On the other hand, the width of the 003 reflections, B(003), which is nearly inversely proportional to the crystallite size, increases when (HT)A is relatively small, and subsequently decreases progressively until finally it is smaller than that of the original material. Table 3 summarizes the basal spacing and the widths of the 003 reflection for various HTs with (HT)A of 0.9 to 1.0. The relationship between the basal spacing and the equilibrium constant in an ion-exchange equilibrium of monovalent anions is plotted in Figure 12 . Figure  12 demonstrates that except for HT-NO3, the equilibrium constant of HT increases with decreasing basal spacing, and the rank of the basal spacing agrees with the rank of the ionic radii, i.e., F-(1.36 A) < CI-(1.81 A) < Br-( 1.95 ~,) < I-(2.16 ~). These results also agree with the conclusion of Miyata (1975) in that the basal spacing is substantially determined by the sum of the thickness of the basic layer (which decreases with an increase in x but at a smaller rate than that of the interlayer) and the size of the anion in the interlayer. Therefore, a main factor that determines the selectivity of the anion-exchange of HT is the diameter of a bare, non-hydrated anion.
The equilibrium constant of HT is just opposite to that of the anion-exchange resins Dowex-1 and Dowex-2, also listed in Table 2 (Peterson, 1954) ; i.e., the ion selectivity of the latter depends upon the diamter of a hydrated anion.
The width of 003 reflection, B(003), also decreases with the ion selectivity. In other words, the crystallite size of HT increases with increasing ion selectivity (Tables 2 and 3). In view of the relationship shown in Figure 12 , the basal spacing of HT-NOa is unexpectedly large. To find a cause of this, two different HT-NO3 products in which x was 0.250 and 0.280 were prepared and the basal spacings determined to be 8.34 ,~ and 8.40 ~., respectively. If these data are considered in con- junction with the fact that the basal spacing was 8.79 at x = 0.304, the basal spacing of HT-NO3 increases with an increase in x, at higher values of x. Thus, the relationship is inconsistent with the relationship generally observed for HT-CO3, etc., i.e., that x is inversely proportional to the basal spacing. The reason why HT-NO3 has an unexpectedly large basal spacing at higher values of x is presumably due to repulsion be- Basal spacing (X) Figure 12 . Relationship between the basal spacing and the equilibrium constant log Ke.
tween NO3-ions. Because NOz-is monovalent and occupies a space corresponding to three oxygens, the space occupied by NO3-in the interlayer is greater than that occupied by other anions such as CI-and Br-. When x is small and the repulsion between NO.~ ions is small, NO3-is oriented in the interlayer such that the bond direction of N-O, i.e., the plane formed by NO3-, is parallel to the basic layer. But as x increases, the repulsion between NO3-ions becomes stronger, such that the N-O bond direction of NOa-may be no longer parallel to the basic layer. This orientation change of NOain the interlayer leads to the increase of interlayer thickness. If the arrangement of NOa-ions in the interlayer does not change as a result of the repulsion between NOz-ions, the basal spacing at x = 0.304 will be close to 8. I2 ~ which is anticipated from the relation shown in Figure 12 .
It is worth noting that HT-OH shows the smallest basal spacing and the largest crystallite size of the mono-and divalent anion forms studied (Table 3 ). This small spacing is presumed to be due to the fact that the ionic diameter of OH-is nearly equal to that of HzO in the interlayer, and hydrogen bonding is great among OH-, interlayer water, and OH of basic layers. Accordingly, the crystal structure of liT-OH consists of three oxygen layers derived from two oxygen layers of the basic layer and one oxygen layer of the interlayer. This structure has the closest packing of atoms in the 001 direction.
Table 2 also shows that divalent anions generally have higher ion selectivity than monovalent anions. In particular, NYS z-has high selectivity despite the fact that its ionic diameter is about 1 89 times larger than SO42-. This is due presumably to the difference in bonding strength to Mg or AI in the basic layer between NYS zand SO4 z-.
CONCLUSIONS
Hydrotalcite-like compounds are some of the few inorganic anion exchangers that have relatively high capacities of about 3 meq/g. Anion-exchanger resins induce an ion-exchange reaction with a hydrated anion, whereas, HT-compounds induce ion-exchange reactions with bare, non-hydrated anions. Accordingly, the ion-exchange equilibrium constants for HTs are in the sequence OH > F-> C1-> Br-> I-for monovalent anions, and in the sequence CO3 ~-> NYS 2-> SO4 ~-for divalent anions. By utilizing their characteristic ion selectivity, HTs are expected to find application in the removal of acid dyes, HPO4 2-, CN-, CrO4 2-, AsO4 3-, (Fe(CN)6) 4-, etc. from waste waters, as well as in the neutralization and thermal stabilization of halogen-containing polymers.
